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The work presented here was devoted to the modelling and simulation of the 
dynamic response of lead cables of Inconel self-powered neutron detectors in a CANDU 
power reactor.  The main goal was to develop a semi-empirical dynamic model of the 
Inconel lead-cables in Ontario Power Generation’s Darlington Nuclear Generation 
Station (NGS) able to simulate the lead cables’ response to arbitrary neutron-flux 
transients.  A secondary goal was to compare lead-cable dynamic characteristics 
evaluated in the Darlington reactor to lead-cable characteristics previously evaluated in 
AECL’s NRU reactor.   
A Simulink model of the lead cable was developed.  The model’s parameters 
were obtained by fitting simulation results to measured lead-cable signals acquired 
during reactor shutdown.  The functionality of the Simulink model was demonstrated for 
arbitrary neutron flux transients and simulation results were found to agree within 1.2% 
with measurements for reactor trip transients.  At the same time, differences between the 
dynamic characteristics (e.g. prompt fraction) of lead cables in a power reactor 
(Darlington) and research reactor (NRU) were identified.  A tentative explanation of 
those differences was formulated.  A comprehensive elucidation of the reasons for the 
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Self-powered neutron detectors are widely used in reactor control and safety 
systems to monitor neutron flux.  In particular, CANDU-reactor shutdown systems use 
self-powered neutron detectors to measure the neutron flux at multiple locations in the 
core.  The shutdown system logic is set up to trip the reactor whenever detector readings 
exceed certain trip set-points.  Because the detector signal depends not only on the 
instantaneous neutron flux but also on its previous variation over time, the ability to 
simulate the dynamic response of self-powered detectors to different neutron flux 
transients is important in order to determine if existing trip-set-points ensure proper 
protection against postulated accident scenarios (and ensuing neutron-flux transients).  A 
small fraction (approx. 3%, Allan & Lynch, 1980) of the detector signal is generated not 
in the detector itself but in the lead cable, which connects the in-core detector to the 
detection instrumentation and has a similar makeup to the detector.  Accurate simulation 
of the overall detector signal therefore requires the modelling and simulation of both the 
detector and the lead cable dynamic responses.   
Self-powered neutron detectors have been studied extensively (Knoll, 2007).  
Lead cables have been studied less extensively primarily due to their small contribution 
to the overall detector signal.  To date, most of the research concerning lead-cable 
behaviour, including modelling of the dynamic behaviour and effect of material 
composition and geometrical dimensions on signal characteristics, relies on experiments 
performed in research reactors (Allan & Lynch, 1980).  It is, therefore, desirable to 
extend such studies to the behaviour of lead-cable signals in actual power reactors, in 
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order to better evaluate the contribution of lead-cable signals to the overall detector 
signal under neutron and gamma flux conditions prevailing in an operating power 
reactor.   
The main objective of this work is to develop a semi-empirical dynamic model of 
Inconel lead cable response based on measured time characteristics in an operating 
CANDU reactor and to implement that into a Simulink model able to simulate the 
dynamic response of the lead cable to an arbitrary neutron-flux transient.  A secondary 
objective is to compare lead-cable dynamic characteristics evaluated in a power reactor 
(Darlington) to lead-cable characteristics previously evaluated in a research reactor 
(AECL’s NRU reactor). 
This thesis is structured as follows.  The first chapter presents a review of general 
information about self-powered flux detector structure and operation.  Chapter II 
describes the main types of detectors used in a CANDU reactor, with specific focus on 
Inconel self-powered detectors.  Chapter III presents existing models for in-core 
detectors and Inconel lead cables.  Chapter IV presents the dynamic model developed 
for Inconel lead cables.  Chapter V presents simulation results obtained using the 
developed model and compares them with actual measurements in CANDU power 
reactors.  Finally, Chapter VI discusses the results and Chapter VII presents suggestions 





Chapter I: Self-Powered Neutron Detectors 
General considerations 
A self-powered neutron detector (SPND) is a detector that can produce an 
electrical signal through electron emissions following neutron capture without any 
external power supply.  A typical self-powered flux detector is composed of three 
concentric cylindrical parts: a collector-sheath, an insulator and an emitter, as shown in 
Figure 1 (Knoll, 2007).     
 
 
Figure 1.  Schematic of Inconel Detector and Lead Cable (adapted from 
Knoll, G.F., 2007) 
 
Compared with the collector-sheath and the insulator, the emitter has a relatively 
high cross-section for neutron capture and therefore the majority of electrons will be 
emitted from the emitter, then pass through the insulator to reach the collector sheath.  
The three main types of interactions occurring in a self-powered neutron detector 
(shown in Fig. 1) are: ),( n , ( , , )n e , and ),( e .  Each individual reaction is explained 
below. 
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1   (1) 
where the symbols have the following meanings: 
A
Z X  
isotope X  with mass number A and atomic 
number Z   
n  incident thermal neutron 










e  emitted free electron (beta particle) 
 
Expression (1) shows that the interaction ),( n contains two steps: First, the 
nucleus of isotope XAZ absorbs one neutron to become the isotope X
A
Z
1 , and then it 
emits an electron through beta decay, leaving the atom positively ionized.  Because the 
beta emission occurs with some delay, as governed by the radioactive decay law, it is 
important to note that the signal produced by the ),( n  interaction is delayed, so a step 
change in the neutron flux level will lead to a gradual change in the signal which will 
eventually stabilize to a new equilibrium value.  It is important to note that the 
equilibrium signal is proportional to the level of the neutron flux.  
( , , )n e  interaction  
 






















  (3) 
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where the symbols have the following meanings: 
A
Z X  
isotope X  with mass number A and atomic 
number Z   
n  incident thermal neutron 
  
gamma ray emitted promptly through the de-
excitation of XA Z
1 . (it is generated inside the 
detector) 
e  emitted free electron 
 
Expressions (2) and (3) indicate that the interaction ),,( en   also proceeds in two 
steps.  The first step consists of one neutron capture followed promptly by gamma 
emission.  The second step consists of a Compton or photoelectric interaction of the 
emitted photon with an atom in the detector material.  As a consequence of either 
interaction, the atom is ionized and a free electron is emitted.  Because both the gamma 
emission and the Compton or photoelectric interactions occur promptly, the signal 
resulting from ),,( en   interactions is prompt and any step changes in the neutron flux 
level are reflected instantaneously in the signal level.  The signal is proportional to the 
neutron flux.   
( , )e  interaction  
The ),( e  interaction consists, essentially, of the second step of the ),,( en   
interaction.  The difference lies in the origin of the interacting gamma ray which, in the 


















  (4) 
Because both Compton and photoelectric interactions are prompt, the signal due 
to ),( e interactions is prompt, just like the signal due to ),,( en   interactions.  
However, unlike the signal due to ),,( en  interactions, the signal due to ),( e
interactions is proportional to the (external) gamma flux and not to the neutron flux.   
It is to be noted that all three types of interactions can occur in any of the three 
regions of the detector.  Moreover, the free electron that is generated can travel outside 
the region in which it is produced or it can stop in the same region.  The free electrons, 
especially the Compton ones can, in turn, produce additional ionizations.  Depending on 
where the initial electron is generated and where the charge is collected, any of the three 
interactions can produce a positive, negative, or  near-zero signal.  By convention, a 
positive signal corresponds to a positively-charged emitter. 
External free electrons, electrons generated outside the detector, will also 
impinge on the detector and can produce a signal.  Of these electrons, the ones that stop 
in the sheath will not generate signals because the sheath is grounded.  Electrons coming 
to a stop in the emitter, will produce a negative signal; however, such a signal is 
normally negligibly small (Allan & Lynch, 1980). 
Self-powered detectors can be classified based on the emitter material.  The most 
common are Rhodium, Vanadium, Platinum, Platinum-clad Inconel and Inconel 
detectors.  Self-powered detectors can also be classified (based on the type of electron-
generating reaction) into detectors based on beta decay and detectors based on secondary 
electrons from gamma decay (Knoll, 2007).   
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Detectors based on beta decay 
As the name implies, the functioning of this type of detector is mainly based on 
the ),( n  reaction, which means that the signal is due predominantly to electrons 
generated from a beta decay following a neutron capture in the emitter.  The Rhodium 
detector and the Vanadium detector both belong to this type.  This type of detector 
requires the emitter’s neutron-absorption cross section to be neither too high nor too 
low.  A very high cross section can cause the emitter material to burn up fast, thereby 
reducing detector lifetime.  On the other hand, a very low cross section will cause the 
detector to have low neutron sensitivity.  This type of detector also requires the energy 
of the generated electrons to be sufficiently high to avoid electron self-absorption in the 
emitter or insulator.  Moreover, the half-life of the induced beta decay is required to be 
as short as possible in order to produce a sufficiently rapid response to neutron flux 
changes.   
Based on the above requirements, the emitter materials Vanadium ( V51 ) and 
Rhodium ( Rh103 ) are widely chosen and applied for this kind of the detector.  However, 
since the neutron induced beta decay in V51  and Rh103  has longer time constants (5.41 
minutes for V52 ; 1.06 or 6.37 minutes for Rh104  and Rh104m  respectively), these 
detectors will have a longer neutron dynamic response time than detectors based on 
secondary electrons from gamma decay (Knoll, 2007).  
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Detectors based on secondary electrons from gamma decays 
This type of detector produces electric signals based primarily on the ),,( en 
reaction.  Additionally, a portion of the signal is due to the ),( e reactions caused by 
external gamma rays.  When a thermal neutron is captured by a nucleus in the emitter, 
gamma rays will be immediately emitted by the nucleus switching its state from an 
excited level to its ground level, and then a secondary electron is emitted by means of 
Compton scattering, photoelectric effect or even pair production (if the energy of the 
photon exceeds 1.022 MeV).  This whole process constitutes the ),,( en  reaction 
(Goldstein, 1973).  The ),( e reaction has the same mechanisms, but the gamma ray is 
created outside the detector by neutrons interacting with materials surrounding the 
detector (Knoll, 2007).   
Since electrons emitted from these reactions are prompt, the response to neutron 
changes in the detector is rapid.  However, both these reactions have a lower efficiency 
than the ( , )n   reaction, so the corresponding output signals are lower than those in 
detectors based on the ( , )n   reaction (Knoll, 2007).  Both Inconel detectors and 
Platinum-clad Inconel detectors (Figure 2) belong to this type.  Nickel isotopes are the 
main components of the Inconel material and Ni59  is the largest contributor to the 
),,( en  reaction due to its very high neutron sensitivity.  In Platinum-clad Inconel 
detectors, Pt195  is the dominant isotope interacting with gamma rays.  Both these 
nuclides produce prompt secondary electrons following neutron absorption or gamma 
interaction; therefore, time constants in these two reactions are very short, compared 
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with beta decay reactions in V51  and Rh103  (Mahant, Rao, & Misra, 1998; Allan, 1982; 
Knoll, 2007).  
 
Figure 2.  Schematic of Inconel, Platinum-Clad Inconel Detector Showing 
Interactions 
 
Compared with Platinum-clad Inconel detectors, Inconel detectors have much 
lower gamma sensitivities (approx. 8 times lower).  The reason is that the platinum clad 
has a much higher sensitivity to gamma rays than Inconel, because of the higher atomic 
number of platinum compared to nickel.  Consequently, the response of Inconel 
detectors is mainly due to the prompt neutron reaction ( , , )n e  while the response of 
Platinum-clad Inconel detectors is due to both the prompt neutron reaction ),,( en  and 
the prompt gamma reaction ),( e .  Therefore, Inconel detectors have higher neutron 
sensitivity than Platinum-clad Inconel detectors in a neutron-gamma mixed radiation 
environment (Alex & Ghodgaonkar, 2007). 
Lead cables 
The function of lead cables is to transfer the electric current from detectors to 
meters.  An Inconel lead cable has the same structure as an Inconel detector which has 
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three concentric cylindrical regions (the collector sheath, the insulator and the emitter).  
The only difference between the lead cable and the detector is that the dimensions of the 
lead cable are much smaller.  The purpose of this design is to make the electric signal 
produced in the lead cable as low as possible.  According to Banica and Slovak (2011), 
Inconel lead cables usually contribute at most 3% of the overall signal.  
Dynamic characteristics of self-powered flux detectors 
The signal of a SPND exposed to a neutron-flux only, has a prompt component 
[due to ( , , )n e  reactions] and a delayed component [due to ( , )n  reactions].  The 
prompt component of the detector signal, ( )pI t , is proportional to the neutron flux at the 
present time, ( )n t . 
 ( ) ( )p p nI t k t  (5) 
In Eq. (5), pk  denotes the proportionality constant.  The delayed component, on 
the other hand, depends not only on the present neutron-flux level, but also on the 
neutron-flux level at past moments of time.  To understand why, one has to keep in mind 
that the delayed component is proportional to the rate at which free electrons are 
produced which, in turn, is proportional to the decay rate of the beta-emitting isotope 
obtained by neutron-activation of the emitter.   
V51 , for example, is the major contributor to a Vanadium detector’s signal.  
When it absorbs a neutron, V51  becomes V52 , which has a half-life of 3.76 minutes 
(Todt, 1996);  
 
VnV 5251   (6) 
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V52  then decays to Cr52  through a beta decay: 
 
 eCrV 5252   (7) 
For a single-isotope (such as V51 ) emitter, the activation equation which governs 
the number of activated nuclides is:  
 
( )
( ) ( )t n
dN t
N t N t
dt
    (8) 
Where Nt represents the total number of target nuclei, N(t) is the number of 
activated nuclei,   is the decay constant of the activated-nuclide species, ( )n t  is the 
neutron flux and   is the activation cross section.  It will be noted in passing that the 
number of target nuclei, Nt, will slowly decrease with time as some of them get 
activated.  However, the time dependence of Nt can be ignored when solving Eq. (8) 
because it is much slower than the time-dependence of N(t).  The above inhomogeneous 
linear differential equation with constant coefficients can be solved by using an 
integrating factor of the form te  which allows the equation to be rewritten as: 
 ( ) ( )t tt n
d
N t e N t e
dt
      (9) 
The solution can then be written as: 
  '( ) ( ') '
t
t t
t nN t N t e dt
  

   (10) 
The delayed signal is proportional to the decay rate, ( )N t : 
  '( ) ( ') '
t
t t
d t nI t k N t e dt
   

   (11) 
By introducing the notation: d tk kN  , Eq. (11) can be re-written as:  
  '( ) ( ') '
t
t t
d d nI t k t e dt
  

   (12) 
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Equation (12) illustrates how the delayed signal depends not only on the present 
value of the neutron flux, but also on the flux values at previous moments of time, t’.  
Because of the exponential, the contribution of the flux value at a certain time, t’, 
decreases the further t’ is in the past.   
The total detector signal is the sum of the delayed and prompt components: 
  '( ) ( ) ( ) ( ) ( ') '
t
t t
t p d p n d nI t I t I t k t k t e dt
   

      (13) 
If the neutron flux is constant for a long time (equilibrium), the equilibrium 
detector signal is equal to: 
 
( )
( ) ( )1
t
e e e e e t t
t p d p n d n
e e t t t
p n d n
e e
p n d n
e
e n
I I I k k e dt
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Two parameters commonly used to describe the dynamic characteristics of a self-
powered detector are the prompt fraction and the delayed fraction.  They are both 
defined under conditions of long-term constant flux (equilibrium).  The prompt fraction 









   (15) 
while the delayed fraction is defined as the ratio between the delayed signal and 









   (16) 
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Obviously, the sum of the prompt fraction and the delayed fraction equals one.  
Depending on the geometry and material properties of the detector, the prompt and 
delayed component may have different signs.  In that case, it is possible for the prompt 
fraction to be greater than one.  A detector with a greater-than-one prompt fraction is 
called “over-prompt”.  Inconel detectors are an example of over-prompt detectors.  A 
detector with a less-than-one prompt fraction is called “under-prompt”.  Detectors are 
designed so the delayed component is smaller in absolute value than the prompt one.  As 
a consequence, the prompt fraction is always positive.  However, in the case of lead 
cables, it may be possible for the delayed component to be larger in absolute value than 
the prompt one.  In that case, the prompt fraction can become negative.   
Because radioactive decay is an exponential process, the detector will respond to 
changes in the neutron-flux level with a certain delay.  This can be easily seen by 
applying Eq. (13) to a step change in the neutron flux occurring at time t0.  Assuming the 
equilibrium flux before the change to be en
  and the flux after the change to be en
 , it 
can be seen easily from Eq. (14) that the equilibrium signal before t0 is equal to: 
 e et e nI k 
   (17) 
while the equilibrium signal after the step change is equal to: 
 e et e nI k 
   (18) 
However, after the change, Eq. (14) also predicts that the signal does not 
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 (19) 
The square bracket in the last term of the last line of Eq. (19) is initially zero at t0 
and tends to one as time passes.  This means that the signal only reaches its equilibrium 
value, proportional to the neutron flux, after a certain delay, which depends on the decay 
constant of the beta-emitting isotope.  The above equation also shows the difference in 
behaviour between a under-prompt and an over-prompt detector.  The second term, 
which gives the prompt change in the signal, is multiplied by the prompt fraction.  For 
over-prompt detectors, that change is amplified, whereas for under-prompt detectors, the 
change is reduced.  This means that an under-prompt detector will initially register only 
part of the change in flux and will only slowly register the full change.  A super-prompt 
detector, on the other hand, will initially register a higher change than the real one and 
will slowly adjust it to its real, lower, value.  
Equation (19) also provides a way to measure the prompt fraction of a self-
powered detector.  To do that, it is necessary to also have available a prompt detector 
(PD), such as an ion chamber.  By effecting a step change in the neutron flux following 
an equilibrium condition and measuring the flux with both the SPND and the PD at 
equilibrium and a very short time after the step change (at 0t t
 ), the four signals can be 
written as: 
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 e SPFD eSPND e nI k 
   (20) 
 e PD ePD e nI k 
   (21) 
  0( ) SPND e e eSPND e n p n nI t k f            (22) 
 0( )
PD e
PD e nI t k 
    (23) 



























Finally, it will be mentioned that when the detector material contains more than 
one isotope that can be activated to a beta-emitting one, Eqs. (12), (13), (14) and (19) are 
modified to include several exponential terms, one for each activated isotope. 
Dynamic Response of Self-Powered In-Core Neutron-Flux Detectors 
The discussion so far has been restricted to the simplified case where the detector 
was subject to a neutron-only external flux (or when the detector sensitivity to gamma 
rays was negligible).  That ideal situation never occurs in a real reactor where gamma 
rays are constantly produced as a result of fission in fuel, decay of fission products in 
fuel, and decay of activation products in fuel and structural materials.  Consequently, in-
core flux detectors (ICFDs) are subjected to a mixed neutron and gamma external field.  
The external gamma field reaching the detector depends, directly or indirectly, on the 
neutron flux in a relatively large region surrounding the detector and, hence, the detector 
can be thought to respond to the average neutron flux in a relatively large region 
surrounding it.  The external prompt-gamma-ray field is due to gamma rays produced 
promptly from fission and to ( , )n   reactions.  Its intensity is proportional to the 
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(weighted) average of the neutron flux in a relatively large domain surrounding the 
detector.  The external delayed-gamma-ray field is a result of fission-product and 
activation-product decay.  Its intensity depends on the region-averaged neutron flux 
values at past moments of time and has several components characterized by the decay 
constants of the various fission products and activation products involved.   
In summary, the response of an in-core self-powered ICFD (sensitive to both 
neutrons and gamma rays) depends on the present as well as past average neutron flux 
over a large region surrounding it, and has a prompt component and several delayed 
components.  The latter are due to various decaying nuclides, some of them fission 
products, some of them activation products.  Activation products can be located either 
inside the detector or outside the detector (e.g., in fuel or structural materials) and can be 
due to the activation of either main elements or impurities.  Time constants of a few 
seconds to a few hours are observed (Parent & Serdula, 1989).   
Properties of self-powered neutron detectors used in power reactors 
Self-powered detectors do not need a power supply.  They have a simple 
structure, small size, robustness and stability under conditions of high temperature and 
pressure.  However, they also have disadvantages, such as relatively low neutron 
sensitivity and delayed dynamic response.  In power reactors, there are six materials 
widely used for self-powered detectors: cobalt, platinum, hafnia, rhodium, vanadium and 
silver (Todt, 1996).  Emitter material characteristics are listed in Table 1 and 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter II: CANDU-Reactor Detectors 
Types of Detectors used in CANDU Reactors 
Operating CANDU reactors use several types of detectors which are part of 
either the Reactor Regulating System (RRS) or part of one of the two shutdown systems, 
SDS1 or SDS2.  There are additional detector types used during startup, but those are 
not of any concern for this work. 
The RRS includes 14 SPNDs (one in each power zone) used for zone-power 
monitoring.  Depending on the reactor design, the 14 detectors can be made of Platinum 
or Inconel.  Depending on the reactor design, the RRS can also include 108 Vanadium 
SPNDs whose (comparatively slow) signals are used for mapping the spatial shape of 
the neutron flux.   
Each of the shutdown systems, SDS1 and SDS2, uses three ion chambers located 
out-of-core, at the side and top of the calandria vessel respectively.  The ion chambers 
have B10 -coated walls.  Neutrons react with B10  according to the following reaction: 
 10 1 7 45 0 3 2B n Li     (25) 
Depending on the energy level on which the Li7  nucleus is left, the total kinetic 
energy of the Li nucleus and alpha particle can be either 2.3 or 2.8 MeV.  The alpha 
particles and Li nuclei are detected by the ion chamber.  With proper gamma shielding 
and neutron-scattering geometry, the signal from ion chambers can be assumed to be 
proportional to the neutron flux with less than 1% due to the gamma flux (Bereznai, 
2005).  The ion-chamber signal is prompt.   
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In addition to ion chambers, SDS1 uses vertically-oriented SFFDs and SDS2 
uses horizontally-oriented SPNDs.  In the case of reactors at the Darlington Nuclear 
Generating Station (NGS), SDS1 uses 18 vertically-oriented Inconel detectors (over-
prompt, 105%pf  ), while SDS2 uses 17 horizontally-oriented Platinum-clad Inconel 
detectors (under-prompt, 89%pf  ) (Banica & Slovak, 2011).  Each detector is 
approximately three lattice pitches (1m) in length.    
Properties of Inconel detectors and lead cables used in CANDU reactors 
The Inconel detector and the lead cable have the same basic construction, but 
their dimensions are different from one another, as shown in Table 3.  It can be seen that 
the emitter’s diameter is smaller in the lead cable than in the detector.  The purpose is to 
reduce current produced by the lead cable, thereby minimizing the lead cable 
contribution to the overall signal. 
Table 3: Dimensions of Inconel Detectors and Lead Cables 
 
Emitter Collector Sheath 
Diameter (mm) ID (mm) OD (mm) 
Inconel Detector 1.51 1.97 3.01 
Lead Cable 0.37 1.02 1.56 
Note. Data adapted from Allan (1979); Allan & McIntyre (1982). 
 
In CANDU reactors, the Inconel detector and the lead cable are both normally 
made of the nickel-based alloy, Inconel-600 (Banica & Slovak, 2011; Glockler, 2003; 
Allan & McIntyre, 1982).  The major components are given in Table 4. 
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Table 4: Chemical Composition of Inconel-600 (wt%) 
Cr Fe C Mn Si Cu Al Ti Ni 
16 8.7 0.04 0.2 0.2 0.2 0.2 0.2 74.26 
Note Data adapted from Bellanger & Rameau (1997). 
 
Nickel has low sensitivity to external gamma rays, which only contribute 0.06% 
to the overall signal through ( , )e  interactions.  The signal produced by ( , )n 
interactions in nickel is also very small, around 0.01%.  The rest of signal, 99.93%, is 
generated from ( , , )n e  interactions through neutron capture in Ni58 , which is the 
primary isotope in nickel (68.77%) and has a thermal neutron cross-section of 4.8 barns 
(Mahant et al., 1998).   Manganese, as an impurity in Inconel, is a major contributor to 
the current ( , )I n  , which is produced by ( , )n   interactions.  ( , )I n   can be positive or 
negative, depending on the amount of manganese present in the emitter and collector 
sheath (Allan, 1979).  Overall, approx. 50% of the equilibrium signal is due to Ni 
(mostly Ni58 ), 40% to Cr, and the remainder is due to other isotopes, of which Fe and 
Mn are the most prominent.  The vast majority of the signal is prompt and due to 
( , , )n e  reactions, with a few percent of the signal being delayed and due to beta-
emitting activation products such as: Mn56  (T1/2 = 2.57 h), Ni
65  (T1/2 = 2.5 h), Fe
59  
(T1/2 =  44.5 d), Cr
55  (T1/2 = 3.5 min).   
Allan and Lynch (1980) indicate that the external gamma rays normally induce 
negative signals in the Inconel detector and the lead cable, because the collector sheath 
has a much larger mass than the emitter.  Based on the data in Table 3, for example, the 
ratios of the sheath volume to the emitter volume in the detector and the cable are found 
to be approximately 2 and 10, respectively.  This result means that the probability of 
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),( e  interactions occurring in the sheath will be higher than the probability of them 
occurring in the emitter; therefore more electrons will travel from the sheath to the core 
than vice-versa, producing a negative net electrical current.  
Allan and Lynch (1980) have also found that the sensitivity ),,( enS   is 
proportional to the cube of the diameter of the emitter.  It can be seen from Table 3 that 
the diameter of the emitter in the detector is around four times larger than the one in the 
lead cable and, hence, the sensitivity ),,( enS   for the detector will be far larger than the 
one for the lead cable.  Moreover, Allan and Lynch (1980) also point out that when the 
core-wire diameter is larger than 0.4 mm, the sensitivity ),,( enS   becomes more 
significant than ),( eS  .  They conclude that ),,( en   interactions are the most 
significant contributor to an Inconel detector’s signal, while ),,( en  and ),( e
interactions are both important for an Inconel lead cable’s signal. 
Method of measuring the effective prompt fraction of CANDU in-core 
detectors 
In CANDU reactors, the ICFD prompt fraction is measured periodically to 
ascertain whether it has deteriorated as a result of detector burnup and to verify that it is 
still acceptable from a safety perspective.  The method used to measure the prompt 
fraction follows Eq. (24).  The procedure is described by Glockler (2003).  The out of 
core ion chambers are used to provide the prompt signal.  Technically, the ion-chambers 
measure the leaked neutron flux from the core.  Nonetheless, the time variation of their 
signal is considered to be representative of the time variation of the neutron flux 
surrounding the SPNDs.  The step change in the neutron flux is effected by tripping the 
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reactor using either SDS1 (shutdown rods) or SDS2 (liquid-poison injection) after first 
reducing reactor power to 60% of full power.  The after-trip signals are taken three 
seconds later, at 0 0 3t t s
   .  Because of inherent simplifications and experimental 
uncertainties, the measured prompt fraction is not the true prompt fraction that would 
characterize the detector under ideal experimental conditions (such as neutron-only 
external field and true step-change in the flux), but it is rather an effective prompt 
fraction, which is more representative of the detector response in the actual conditions 
involved in a reactor shutdown.  All pre-trip and post-trip signals are recorded at 2 ms 
intervals.  Noise is removed from all signals before further processing and all signals are 
normalized to pre-trip values.  
According to Glockler (2003), ion-chamber signals show that when utilizing 
SDS1, the neutron power drops to 3~5% within 0.8 seconds and, when utilizing SDS2, 
the power drops to 1% within 0.4 seconds.  However, the detectors respond relatively 
slowly.  In the first two seconds, the detectors’ signals are only down to 20~30% (for 
SDS1), or 8~15% (for SDS2) of their pre-trip, equilibrium, values.  After that, the 
signals decrease very slowly due to the long half-lives of the delayed components.   
Glockler (2003) reports that when SDS2 was used, the prompt fractions of the 
Pt-clad Inconel detectors, calculated as the ratio between the drop in the normalized 
detector signal over the drop in the normalized ion-chamber signal, were found to be 




Chapter III: Existing Models of In-Core Detectors and Lead 
Cables 
Detector Model 
There are few papers in the scientific literature describing comprehensive self-
powered-detector models.  The existing models are mostly concerned with expressing 
the detector sensitivity for constant external flux (equilibrium).  This chapter is based 
primarily on the work of Warren (1972) and subsequent refinements.   
A self-powered detector can produce an electric current through three types of 
interactions:  en ,, ,  ,n and  e, .  Moreover, some electron flux, which is created 
from neutrons interacting with reactor hardware near the detector, may also contribute to 
the overall signals.  Thus, the total current generated in the detector is the sum of all 
these components (Allan & Lynch, 1980): 
 
       eenen IIIII  ,,,,   (26) 
where the symbols have the following meanings: 
 enI ,,  interaction  en ,,  induced current 
 ,nI  interaction  ,n  induced current 
 eI ,  interaction  e,  induced current 
 eI  electron flux induced current 
 
Since the value of  eI  is generally small, it can be ignored (Allan & Lynch, 
1980).  Hence, Eq. (26) can be re-written as follows: 
 
     enen IIII ,,,,    (27) 
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Equation (27) shows that the net electric signal is thermal neutron and gamma 
dependent.  To build up a calculation model based on this expression, some basic 
assumptions are made. 
The first assumption is that the incident neutron and gamma flux, as well their 
spectra, are isotropic and constant in time (Warren & Shah, 1974).  In fact, these fluxes 
and their spectra are not uniform inside a reactor: they are higher near the centre of the 
reactor core, but lower at the edge (Hinchley & Kugler, 1975; Schultz, 1955; Yue et al., 
2010).  The assumption is necessary in order to keep the model reasonably simple. 
The second assumption is that the detector is at the beginning of its life.  
Although the detector will burn up with time, how fast the process develops really 
depends on the neutron flux and its spectrum in the reactor.  Since this is also 
complicated and difficult to assess, the detector burn-up is not considered in the model. 
In 1972, Warren established a general calculation model specific for the 
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where the symbols have the following meanings: 
 
)(I  
current produced in emitter per unit length per 
neutron flux 
e  electron charge 
V  emitter volume 









energy loss when electrons (emitted from beta 
decay) travel from the inside emitter to the 
emitter’s surface at an evaluated energy E  
E  maximum energy of an electron in beta decay  
EMIN  
minimum energy (average value) that an 
electron must have, in order to overcome the 
electric field when it passes the insulator from 
the emitter to the collector sheath 
)(ER  energy range of electrons  
l=R(E’)-R(E) 
track length  
( 'E : electron energy from beta decay; E : 
residual energy after an electron travels from 
the inside of the emitter to the emitter’s 
surface) 
( )N l  
track length probability density function 
(Can be calculated for cylinders assuming that 
the beta-decay electrons are generated 
uniformly and isotropically throughout the 
emitter volume and that they travel in straight 
lines to the surface.) 
'( )B E  
normalized energy distribution of emitted 
electrons from beta decay  
nE  energy of incident thermal neutron 
  macroscopic activation cross-section 
  neutron flux 
f  neutron self-shielding factor 
maxE  maximum energy of incident thermal neutrons 
 
Equation (28) expresses the fact that the current per unit emitter length,  I , is 
equal to the product of the beta particle generation rate per unit length: 
      max
0
E
n n n n
V
E E f E dE
L
  (29) 
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times the probability of the beta particle arriving at the emitter surface with an energy 
greater than the minimum energy necessary to reach the sheath (EMIN): 
 
1










            
   (30) 
times the electron charge, e.  
The value EMIN  represents the minimum energy that an electron reaching the 
emitter surface must have in order to overcome the existing electric field in the insulator 
when it moves between the emitter and the collector sheath.  This electric field is the 
result of a space charge which is built up by low-energy electrons, which are ejected 
from the emitter or the sheath.  When these electrons lose their kinetic energy and stop 
inside the insulator, a uniform and stationary space-charge field is formed.  This field 
will function as a barrier to prevent electrons from travelling between those two 
electrodes.  In the absence of a good model for the spatial distribution of the space 
charge, it can be assumed to be uniform.  With that assumption, the electric field E and 
the corresponding potential V are found by solving Poisson’s Equation in cylindrical 
geometry for a constant charge density.  Because the meter employed to measure the 
detector current has negligible internal resistance, the emitter and collector sheath are at 
the same potential, which expresses the boundary conditions for Poisson’s equation.  









r r k r
      
   
 (31) 
where the symbols have the following meanings: 
r  
radial radius from the emitter’s center to the 
position in the insulator 
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ir  external radius of the insulator 
A  
constant, depending on radiation intensity and 
insulator materials  
k  
ratio of the emitter’s radius to the insulator’s 
external radius 
 
Similarly, the electric potential is found to be: 
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where the symbols have the following meanings: 
er  radius of the emitter 
 
By taking the derivative of Eq. (32) and equating it to zero, the voltage is fount 















The spatial distributions of the electric field and electric potential obtained from 








Figure 3. Distribution of Electric Field and Potential in Insulator 
(reproduced from Warren, H.D., 1972) 
 
The curves in Fig. 3 were obtained using 5.0k , which means that the insulator 
radius is two times larger than the emitter radius.  Scales on the abscissa show that the 
measurement is performed from the emitter surface to the insulator outer radius.  Scales 
on the left and right Y-axis represent the potential and the electric field, respectively 
(Warren, 1972).  
As shown in Fig. 3, when an electron starts its journey from the emitter towards 
the collector sheath, the scaled electric field and potential are at their maximum value  (-
0.58; the negative sign represents that the electric field points to the emitter from the 
space-charge field) and minimum value (0) respectively.  When the electron moves 
closer to the space-charge field, the electric field becomes weaker, due to self-
cancelation.  At 0r , the scaled electric field attains its minimum value of 0, while the 
scaled potential voltage reaches its maximum value of approx. 0.13.  If the electron has 
sufficient kinetic energy to overcome the electric field (or, equivalently, the electrostatic 
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barrier) to point r0, it will then pass through the charged insulator.  Past r0, the electric 
field changes its direction (from the insulator to the sheath) and accelerates the electron 
to go forward.  As the electron arrives at the sheath, the scaled electric field reaches its 
maximum value of 0.48 along the positive direction and the scaled voltage drops to zero.  
Hence, only electrons that have enough energy to overcome the electric field can 
generate signals in the detector.  A similar argument can be applied to the lead cable.  
Figure 4 shows the differences between the detector sensitivity calculated using 
Warren’s initial model and the measured detector sensitivity for sixteen rhodium 
detectors.  Warren’s model is adequate for the prediction of total charge available for 
release from the emitter but does not account for other interactions that release charge 
from other regions of the reactor and, in that sense, it cannot be considered a complete 
model (Warren & Snidow, 1976).   
 
Figure 4. Errors in Warren’s Model (data from Warren, H.D., 1972) 
 
Warren (1972) thought the differences between the calculation results and the 
experimental measurements were caused by certain systematic errors, which could be 
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from calculations or operations.  However, Warren’s model also missed the effect of 
gamma interactions.  To improve this model, Warren and Shah (1974) developed 
another model which included the gamma effects and the internal conversion electron 
emission.  This model is described by Eqs. (34) through (39): 
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  pee,  Interaction (‘pe’ ~ photoelectron): 
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  icen,  Interaction (‘ic’ ~ internal conversion electron): 
 
1
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           (37) 
  , , cen e  Interaction: 
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In addition to previously-defined symbols, Eqs. (34) – (39) use the following 
symbols: 
Z  Number of electrons per atom 
V  Volume of absorber  
E  Gamma energy 
KE  K -shell electron binding energy  
)(  E  
Linear absorption coefficient for photoelectric 
interaction with gamma energy E  
E  Maximum beta particle energy in beta decay 
'E  Electron kinetic energy  
itE  Energy of isomeric transition 
K  Internal conversion coefficient for K -shell 
T  Internal conversion coefficient for all shells 
l  
Average track length to absorber’s surface for 
an escaping gamma ray 
)( it EE   
Maximum possible electron energy from 
Compton events caused by gammas with 
energy iE  
 
Equations (34)-(37) will not be interpreted in detail.  Compared with the previous 
model, the improved model covers most of the factors that contribute to the overall 
detector signals.  All currents are prompt except  ,nI  which is delayed.  ceI  and peI  are 
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caused by external gamma rays while cenI   and penI   are caused by internal gamma rays 
induced by neutron capture inside the detector.     
As indicated by Warren and Shah (1974), all the detectors tested were made in 
their laboratory, including the gadolinium detectors, the ytterbium detectors, the hafnium 
detectors, the cobalt detector and the platinum detector.  The insulator was made of 
MgO or 32OAl , and the sheath was Inconel 600.  With the exception of the cobalt 
detector and one of the hafnium detectors (identified as “Hf-2”), the average error 
between calculations and measurements was 4.5%, which was about 63% lower than for 
the initial model developed by Warren.  A summary of errors is shown in Fig. 5 where 
each detector is identified by its material, followed by a unique alphanumeric code.  
 
Figure 5. Errors in the Warren and Shah Model (data from Warren, H.D., 
Shah, N.H., 1974) 
 
Figure 5 shows agreement within 13% between model prediction and 
measurements, especially for the platinum detector, which had an error small enough to 
be ignored.  However, although not shown in Fig. 5, the cobalt detector and one hafnium 
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detector (Hf-2) had abnormal errors, of 30% and 122% respectively.  Warren and Shah 
(1974) hypothesised that these errors could have been caused by one or more of the 
following: manufacturing defects; calculation errors; data collecting errors; or 
experimental technique. 
Although Warren and Shah’s model can be widely used to make approximate 
prediction for a self-powered neutron detector’s sensitivity, continuously improving this 
model is still necessary in order to meet the needs of more precise analysis.  To reach 
this goal, some uncertainties need to be solved.  These uncertainties are discussed below. 
Insulator effects 
Goldstein (1973) indicated that in a self-powered neutron detector, 10%-15% of 
the total electric current would be produced from the insulator through gamma-electron 
Compton effects.  This point was supported by other research.  Allan et al. (1981) 
showed that most gamma rays in a reactor were within an energy range of 0.12 MeV-7 
MeV, where the Compton effect would be dominant for MgO  and 32OAl , the insulator 
materials (Knoll, 2007).  Therefore, the incident gamma rays in the insulator would eject 
the Compton electrons to produce the electric current (Ramirez & David, 1970). 
However, Warren and Shah (1974) did not observe such a current in their 
experiment.  Moreover, they did not see a positive charged region in the insulator due to 
the Compton effect as described by Goldstein (1973).  On the contrary, instead of the 
positive-charge region, a negative-charge region was distributed between the emitter and 
the sheath.  Figure 6 demonstrates this space and the electric-potential peak it induces, 
which is located along the dashed-line circle with a diameter of ‘d’. 
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Figure 6. Negative-charge Region in Insulator (adapted from Warren, H.D., 
Shah, N.H., 1974) 
 
Warren and Shah (1974) indicated that the negative charged region was created 
by electrons emitted from the emitter and the sheath with low energies (less than 200 
keV), which then stop in the insulator.  The negatively-charged region acts as a barrier 
which does not allow the low energy electrons ejected by the gamma rays to reach the 
electrodes to form an electronic current.  Therefore, it may help the detector to reduce 
the gamma effects, thereby improving the neutron detection precision. 
Other reasons which may help to explain why the insulator current is difficult to 
produce, include: 
 MgO  and 32OAl , the construction materials of the insulator, have low 
neutron and gamma sensitivities (Ramirez & David, 1970; Bozarth & 
Warren, 1979; Goldstein & Todt, 1979; Adib et al., 2011;), therefore 
electrons are scarcely emitted from this region.  Hence, no current can be 
tested and observed. 
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 Self-shielding or self-cancellation may also prevent the current from 
forming.  Gammas can be shielded by the sheath and the emitter, or lose 
their energy after they pass through these materials, so they do not have 
any chance or enough energy to knock electrons from the insulator space, 
thereby removing them.  Even if these gammas entered in the insulator 
with enough energy to make the Compton events, Warren and Shah (1974) 
pointed out that the positive current (electrons flow to the sheath) would 
cancel out the negative current (electrons flow to the emitter).   
Sheath effects 
The sheath is generally made of Inconel 600, and nickel is the major component.  
Ni58  (the main nickel isotope) has a thermal neutron absorbed cross-section is 4.6 barns 
which,  according to Magill and Galy (2005), is about 3% of that of Rh103  (134 barns).  
Therefore, the Inconel sheath has relatively low neutron sensitivity and its contribution 
to the neutron current is not normally considered (Warren & Shah, 1974).   
However, when Ni58  absorbs a neutron and then becomes Ni59 , the 
corresponding cross-section will be changed to 77.7 barns (Magill & Galy, 2005).  This 
will enhance the Inconel sheath neutron sensitivity.  As Mahant et al. (1998) reported, 
the neutron sensitivity of a nickel self-powered neutron detector would continue to 
increase in the first three years (at an irradiation rate of 14 2 12.5 10 n cm s  ) due to the 
formation of 59 Ni , reaching a maximum value 1.12 times higher than that of a new 
detector.  Thus, the sheath should be considered a contributor to the neutron current. 
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Delayed gamma-ray effects 
During reactor normal operation, a self-powered neutron detector is always 
subject to both neutron and gamma flux and around 30% of its signal is due to delayed 
gamma rays, which generally have time constants ranging from seconds to a few hours 
(Allan et al., 1981).  Because of the wide time constant range, the delayed-gamma flux 
does not accurately represent the neutron flux changes with time.  Hence, it is necessary 
to distinguish these delayed gammas from the prompt mixed flux, but this may be  
difficult to do.   
Secondary gamma effects 
The term “secondary gamma” refers to the photon scattered in a Compton event.  
After the first scattering, the scattered photon may still have enough energy to undergo a 
second Compton event to contribute to the overall signal.  However, Goldstein (1973) 
indicated that most of these photons would escape from the detector without a second 
interaction, so such a contribution is small.   Although Goldstein’s point seems 
reasonable, it needs to be proven by experimental tests.  However, such related literature 
is rare.  
Detector burn-up effects 
In the reactor, the sensitivity of a neutron detector will gradually decrease with 
age.  For example, Hinchley and Kugler (1975) showed that the sensitivity of a platinum 
detector, which had been exposed to an irradiation of 1214103  scmn  for 30 years in a 
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CANDU reactor, decreased to 80% of its initial value.  Thus, the detector burn-up 
should be considered as an important factor in calculation and simulation models.  The 
analysis of detector burn-up is complicated for the following reasons: 
1) The burn-up-rate depends on the neutron flux and the corresponding 
spectra.  As previously discussed, the flux intensity and spectrum 
distributions are not uniform in the reactor.   
2) The thermal neutron sensitivity of each nuclide in the detector is 
different.  Nickel, as an example, is the primary construction material of the 
Inconel detector.  It has five stable isotopes, which are Ni58 , Ni60 , Ni61 , 
Ni62 , and Ni64 .  Among these isotopes, Ni58  has the strongest neutron 
sensitivity, due to its highest abundance (about 68%) and relatively high 
thermal neutron absorption cross-section.  The respective contributions of the 
five isotopes to the overall sensitivity are 76%, 12%, 11%, 0.7%, and 0.3% 
(Mahant et al., 1998).  Neutron sensitivities of different Ni isotopes are 





Figure 7. Comparison of Neutron Sensitivities of Nickel Isotopes  
(data from Mahant, A.K., Rao, P.S., Misra, S.C., 1998) 
Geometry effects 
Warren and Shah (1974) considered the emitter geometry effects in their models.  
The thickness of the insulator and of the sheath can also affect the detector signals.  For 
example, if the insulator thickness increases, the transit current between the emitter and 
the sheath will be reduced due to the impedance increasing.  On the other hand, if the 
sheath thickness increases, the positive signal will decrease due to the additional 
shielding of neutrons (and gammas) by the sheath.  Therefore, terms related to the 












Ni65  effects 
The traditional view is that Ni65  is one of the major contributors to beta 
emission through the ),( n  reaction (Allan & Lynch, 1980; Vermeeren and 
Nieuwenhove, 2003).  However, Mahant et al. (1998) found that the abundance of Ni63  
(created by neutron capture in Ni62 ) in nickel was only a maximum of 1% after 5.5 
years’ irradiation ( 1214105.2  scmn ).  Compared with Ni62 , Ni64  is less abundant 
(1.16% vs. 3.66%) and has a smaller neutron absorption cross-section (1.7 barns vs. 14.0 
barns), therefore its neutron sensitivity is also less ( 230.02 10 vA n cm    vs. 
230.05 10 vA n cm   ).  Thus, the amount of Ni65  (created by neutron capture in Ni64 ) 
in nickel should be very small.  The above analysis suggests that Ni65  is not a major 
contributor to the beta emission, and its contribution to the overall detector signal can be 
neglected. 
Temperature effects 
Temperature can greatly affect the insulator resistance (Vermeeren & 
Nieuwenhove, 2003) and can cause the detector signal to drop with increasing 
temperature (Schultz, 1955).  Therefore, temperature effects should be considered in 
detector models.  Two self-powered neutron detector models similar to Warren’s, 
focused on the prompt signals  , ,n eI   and  ,eI  , were developed by Agu & Petitcolas 
(1991) and by Kulacsy & Lux (1997).   
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Lead cables 
Lead cable models could not be found in the published literature.  However, 
since the lead cable has exactly the same configuration as the detector, existing detector 
models can be applied to the lead cable.  The main differences between the lead cable 
and the detector are the compositions and the dimensions (including the diameter and the 
length), which cause the lead cable signals to behave differently from the detector ones.  
In particular, signals created by interactions occurring in different regions will almost 
cancel out in the case of the lead cables.   
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Chapter IV: Semi-Empirical Dynamic Model of Inconel Lead 
Cables 
General Approach 
As was seen in the previous chapter, existing models of self-powered neutron 
detectors are not well developed and are concerned with steady-state operation.  
Extending these models to the prediction of the dynamic behaviour is a difficult task and 
computational results are not likely to reproduce experimental results well.  
Additionally, detector response may depend on the specific reactor environment in 
which the detector is operating.  While existing models are imperfect, they provide a 
general understanding of the operation of self-powered detectors and allow the 
development of semi-empirical models whose parameters can be adjusted to fit 
experimental results.  Such parameters may not always be calculated directly from 
physical characteristics of the detector, but will rather be “effective” parameters whose 
values are adjusted so that the model prediction matches experimental results.  The 
purpose of this work is to devise such a semi-empirical model for Inconel lead cables 
and to develop a Simulink implementation able to simulate the lead-cable response to 
arbitrary neutron-flux transients.  The actual dynamic parameters of the model are to be 
determined using experimental results from power rundown tests performed for reactors 
at the Darlington NGS.  Ideally, as lead cables age, specific model parameters should be 
updated whenever new measurements become available. 
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Governing equations 
Governing equations are the basis of the simulation.  They are developed 
considering all the interactions that contribute to the lead-cable signal.  The model 
assumes that the total detector signal has one prompt component and Nd delayed 
components and that each delayed component is proportional to the decay rate (activity) 
of an activation product or fission product.  The signal of a specific delayed component 
can be due to either beta or gamma particles being emitted in the decays.  The model 
makes no assumption regarding the location of the decaying nuclei (i.e., whether the 
decay occurs in the detector or in the surrounding medium) or regarding the actual 
species of the decaying isotopes.  In fact, as will be explained later, the decaying 
isotopes are “effective” isotopes with properties adjusted to match the observed dynamic 
behaviour of the lead cable and may not correspond to real isotopes.  The reactions 
showing the formation and decay of the six isotopes contributing to the signal can be 
written as: 
 
* 1...ii i i dX n X Y i N
     (40) 
where the symbols have the following meanings: 
 
iX  
target nuclide in the lead cable or in 
surrounding structures 
n  neutron 
*
iX  
nuclide produced by neutron absorption or 
fission which will later decay emitting either a 




decay constant  
iY  decay product  
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If iN  represents the number of nuclides of type iX , 
*
iN  represents the number of 
nuclides of type *iX  , and i  represents the microscopic cross-section (for fission or 
activation) of iX , the time-dependence of the number of nuclides of type 
*
iX  is 
governed by an equation of the type: 
 
*
*( ) ( ) 1...i i i i i d
dN
N t N t i N
dt
      (41) 
Therefore, the signal produced in the lead cable at time t can be written as: 
 *
1 1
( ) ( ) ( ) ( ) ( )
d dN N
p di P i i i
i i
I t I t I t C t C N t 
 
      (42) 
where the symbols have the following meanings: 
Ip prompt component 
Idi delayed component i 
PC  
proportionality constant for the prompt 
component 
iC  
proportionality constant for the delayed 
component i 
 





 , Eq. (41) can be re-written as: 
 * 1...i i e i ie dN N i N     (43) 




e P e i i i e
i
I C C N  

    (44) 




*( ) 1...i i i d
dN
N t i N
dt
    (45) 
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Eq. (45) integrates to: 
 
* *( ) (0) 1...iti i dN t N e i N
   (46) 








I t C N e  

   (47) 
If the shutdown is effected while the reactor was operating at equilibrium, that is 
if equilibrium exists at 0t  , then one can write: 
 *(0) 1...i i e i i dN N i N     (48) 
The corresponding signal expression for the case of shutdown from equilibrium 
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  (53) 
Equations (52) and (53) show that the quantity ap can be interpreted as the 
prompt fraction, while the quantities ai can be interpreted as (partial) delayed fractions 
corresponding to each delayed component, i.  
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Determination of dynamic parameters (prompt and delayed fractions) 
In order to find the delayed fraction corresponding to each exponential, a Least-
Squares Fit is performed for the normalized signal recorded during a shutdown transient.  








  (54) 
The purpose of the fitting procedure is to approximate the normalized signal, 
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   (55) 
To that end, the above equation is first discretized, by requiring that the 
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   (57) 
When the minimum of the residual is attained, its derivatives with respect to all 





























     
   (59) 
 
 

















     (60) 
 
 
The value of each delayed fraction, ai, can be found by solving Eq. (60).  Finally, 









   (61) 
The entire Least-Squares Fitting (LSF) algorithm was implemented as a 
MATLAB Least-Squares Fitting code developed for this purpose.  The input to the code 
comprises the normalized lead-cable signal, ( )kI t  and decay constants, i .  The output 
consists of the prompt fraction and delayed fractions.  The complete code is given in the 
Appendix. 
 
Simulink implementation of the dynamic model 
The Simulink model is developed starting from Eq. (41) 
 
*
*( ) ( ) 1...i i i i i d
dN
N t N t i N
dt
      (41) 
Multiplying the above by the decay constant and by the corresponding 
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By dividing by the equilibrium signal, the equations for the normalized delayed 
components are obtained: 
 
( )
( ) 1...di i i i di d
e
dI t





   (63) 
The prompt component is given by: 
 
( )
( ) ( )p P e p
e
t
I t C t I a


   (64) 









  (65) 
The total normalized signal is: 
 
1




I t I t I t

    (66) 
The numerical values of the prompt fraction and delayed fractions used by the 
model are found using the developed MATLAB least-squares fitting code (using the 
signal from a shutdown transient as input).  The full Simulink model is shown in Fig. 9.  








  constitutes the input, while the output is the 
normalized detector signal, ( )I t .  In order to understand how this model works, it is 
useful to first look at the basic model in Figure 8, which models a single delayed 
component.  The model in Fig. 8 implements an equation equivalent to Eq. (63), namely: 
 
( ) ( )( )di di
i
i i e i i




   
    
   
 
 (67) 
This is purely a programming choice which avoids multiplying the input (i.e., 
normalized flux) by i ia .  As a consequence of this choice, the output of the block is not 
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.  That quantity then 
needs to be multiplied by i ia  before it is summed with other individual-block outputs, 
including the prompt component, to obtain the normalized signal. 
 
Fig. 8. Simulink Model with Single Delayed Component 
 
 
Fig. 9. Simulink Model of Inconel Lead Cable 
It is to be noted that, in this particular implementation, 6 delayed components 
were used, with the sixth one having a zero decay constant, which reduces the 
corresponding exponential to a constant.  The sixth component is therefore referred to as 
the direct current (DC) component.   
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Chapter V: Calculations and Results 
Prior NRU experiments 
In the early eighties, a method of measuring the delayed-component decay 
constants and amplitude for vanadium detectors using the NRU reactor was developed 
(Hall and Shinmoto, 1984).  The method relies on shutting down the reactor and then 
recording the detector signal alongside the “true” prompt signal provided by a fission 
chamber.  The reactor was initially operated under a normal neutron flux of 
12181080.2  sm .  When the reactor was shut down, detector signals were recorded 
every 50 ms in the first 3 s from the initiation.  The time interval was then gradually 
increased to 30 minutes after 13 hours.  The exact procedure for processing the data was 
not documented in the paper and attempts to find other publicly available references 
documenting it were unsuccessful.  
Based on the experimental results, Hall and Shinmoto (1984) concluded that 
there was one prompt component and three delayed components, which contributed to 
the overall vanadium detector signal.  These delayed components had half-lives of 0.36 
seconds, 3.73 minutes and 2.13 hours, respectively.  To calculate the amplitudes of these 
components, the method of non-linear least-squares fitting was applied.  The 
corresponding data for a vanadium detector are presented in Table 5.   
Table 5: Dynamic-Response Parameters of a Vanadium Self-Powered Detector *  
Component  Half-life Decay Constant ( 1s ) Time Constant ( s ) Amplitude (%) 
1 prompt prompt prompt 5.899 
2 0.36 sec 1.93 0.52 2.743 
3 3.73 min 31010.3  322.88 92.102 
4 2.13 hr 51004.9  41011.1  -0.647 




In the related analysis, Hall and Shinmoto (1984) indicated that the prompt 
component was generated from the prompt gamma rays followed by neutron capture.  
Moreover, the last two delayed components (with half-lives of 3.73 m and 2.13 h, 
respectively) were from the results of the neutron-induced beta decay in V51 , Mn56  and 
Ni65 . 
Between 1982 and 1984, similar trip experiments were performed in NRU for 
Inconel lead cables.  Trip experiments were performed on five different dates and the 
decay constant and fraction of each delayed component were determined from data 
collected following each of the five trips.  Results are shown in Table 6.  It can be seen 
that dynamic parameter values vary substantially from one experimental determination 
to another.  The reconstructed signals, based on the data in Table 6, are shown in Fig. 
10.   
Table 6: Inconel Lead- Cable Signal Components for NRU Experiments 
Component 
Experiment 
Trip 1 Trip 2 Trip 3 Trip 4 Trip 5 
   a1 48.2 % 28.0 % -7.16 % -35.2 % 54.1 % 
   a2 -69.3 % -27.8 % -21.6 % -18.5 % -27.7 % 
   a3 -99.5 % -38.6 % -37.0 % -32.8 % -37.7 % 
   a4 - -27.8 % -17.1 % -17.3 % -13.7 % 
   a5 -39.8 % -18.4 %  -21.2 %  - -19.2 % 
   a6 (dc) -29.2 % -13.0 % -7.3 % -22.0 % -10.4 % 




Figure 10. NRU Reconstructed Lead-Cable Signals 
 
Following the results of the 1982-1984 NRU lead-cable measurements, it was 
decided to use six delayed components in the current lead-cable dynamic model.  The 
decay constants employed by the current model were initially calculated by taking the 
average of the five different values obtained in the five NRU trip experiments performed 
at AECL.  In particular, the sixth decay constant was approximated to be zero and, 
consequently, the respective delayed component is referred to as the direct current (DC) 
component.  The values were subsequently manually biased towards the values obtained 
in the fifth NRU trip experiment, for which the lead cable age was highest.  The prompt 
and delayed fractions, ai, were calculated using the LSF MATLAB code.  Given the 
similarity of lead cables in the Darlington reactors with lead cables employed in the 
NRU experiments and the similarity between the CANDU combined neutron and 
gamma field and the NRU combined neutron and gamma field it was judged that such 
average decay-constant values, coupled with prompt and delayed fractions tailored to 
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individual Darlington lead cables, would likely prove adequate for modelling the 
dynamic response of Darlington lead cables. 
Simulation of NRU experiments 
As a first verification of its functionality, the model was used to simulate the 
response of Inconel lead cables in the five NRU experiments and to compare the 
simulation results with the previously recorded signals.  Since the model uses decay 
constants different from the individual decay constants evaluated in each NRU 
experiment, such a comparison is useful in assessing how well a certain signal can be 
reproduced by only fitting the prompt and delayed fractions, but not the decay constants.  
The prompt and delayed fractions were calculated using the developed LSF MATLAB 
code.  The MATLAB-calculated values are shown in Table 7.  The difference between 
the values calculated by the MATLAB code (which employed decay constants averaged 
over five different trips) and the original determinations (found by employing decay 
constants specific to each trip) are listed in Table 8.  The values in Tables 7 and 8 are 
expressed as a percent of the equilibrium signal.  The related simulation results are given 
in Figures 11 – 15 and compared with the corresponding NRU reconstructed 
measurements, respectively.  As a global measure of the goodness of the fit, the root 



















   (68) 
was calculated and is shown in Table 9. 
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Table 7: Calculated Prompt and Delayed Fractions for Five NRU Experiments  
Component Experiment 
Trip 1 Trip 2 Trip 3 Trip 4 Trip 5
   a1 66.4 % 39.0 % 5.0 % -15.8 % 51.3 % 
   a2 -79.3 % -40.2 % -29.8 % -29.1 % -29.0 % 
   a3 -92.3 % -48.3 % -37.0 % -25.7 % -29.2 % 
   a4 -32.6 % -18.0 % -16.6 % -21.5 % -18.1 % 
   a5 -65.6 % -26.3 % -23.9 % -2.4 % -26.4 % 
   a6 (dc) 4.6 % -3.5 % -3.1 % -20.3 % -2.7 % 
   ap (prompt) 299.5 % 194.9 % 206.2 % 215.8 % 153.4 % 
  
 
Table 8: Percent Differences of Signal Components between Current Model and 
Original NRU Experimental Determinations  
 
Component Experiment 
Trip 1 Trip 2 Trip 3 Trip 4 Trip 5
   Δa1 18.2% 11.0% 12.2% 19.4% -2.8% 
   Δa2 -10.0% -12.4% -8.2% -10.6% -1.3% 
   Δa3 7.2% -9.7% 0.0% 7.1% 8.5% 
   Δa4 -32.6% 9.8% 0.5% -4.2% -4.4% 
   Δa5 -25.8% -7.9% -2.7% -2.4% -7.2% 
   Δa6 (dc) 33.8% 9.5% 4.2% 1.7% 7.7% 
   Δap (prompt) 9.3% -0.3% -6.0% -10.9% -0.4% 
  
 
Figure 11. Simulation of Lead Cable Response for NRU Trip 1 
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Figure 14. Simulation of Lead Cable Response for NRU Trip 4 
 
 
Figure 15. Simulation of Lead Cable Response for NRU Trip 5 
 
 
Table 9: Root Mean Square Errors for NRU Simulations  
 
Experiment 
Trip 1 Trip 2 Trip 3 Trip 4 Trip 5
RMS (%) 1.2% 0.2% 0.1% 0.4% 0.4% 
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Results show that lead-cable response for all five measurements can be 
reproduced within 1.2% or better by using average decay constants, provided the prompt 
and delayed fractions are fitted to each individual experimental result.  Because average, 
rather than individual, decay constants are used, the individual-component amplitudes 
that best fit the measurements are different by as much as 30% from the originally 
determined ones, as shown in Table 8.   
Simulation of Darlington Experiments 
Simulations were performed for the dynamic response of the vertically oriented 
Inconel lead cables 4F1 and 6F1 in Unit 1 of the Darlington NGS.  The same decay 
constants determined by averaging the NRU measurements were used.  The calculated 
values of the prompt and delayed fractions calculated using LSF MATLAB code are 
shown in Table 10.  The corresponding simulation results are presented in Figures 16 
and 17.  The overall RMS errors are shown in Table 11.  It is to be noted that, while the 
determination of the prompt and delayed fraction was made assuming an instantaneous 
step decrease in the neutron flux at the moment of shutdown, the simulation of the 
detector response was performed using actual neutron-flux readings from an ion 











   a1 -28.2 % -29.1 % 
   a2 -17.8 % -14.3 % 
   a3 -14.9 % -16.8 % 
   a4 -7.7 % -6.2 % 
   a5 -36.1 % -37.4 % 
   a6 (dc) -0.6 % -3.1 % 









Figure 17. Simulation of Lead Cable Response U1-6F1  
 




RMS (%) 0.6% 0.6% 
 
Simulation of an Arbitrary Transient Response 
To illustrate the model’s ability to simulate the lead-cable response for an 
arbitrary neutron-flux transient, the lead-cable response was simulated for a fictitious 
transient corresponding to a linear reactivity insertion broadly representative of a loss of 
coolant accident, followed by a linear reactivity decrease, representative of the shutdown 
rods being inserted in the core.  The time dependence of the neutron flux and of the lead-
cable signal are shown in Fig. 18.  Fig. 18 illustrates how the lead-cable signal is delayed 
and distorted with respect to the time variation of the neutron flux. 
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Chapter VI: Discussion 
NRU experiment simulations  
The signal simulation results for the NRU experiments reproduce the 
reconstructed measurements with an RMS error of 1.2% of the equilibrium signal, or 
better.  Slight differences between the simulated and reconstructed results are likely due 
to a combination of the following factors: 
 As explained previously, decay constants used in the dynamic model were 
different from the actual ones (i.e. they were averages).  
 The actual trip time is finite, whereas the simulation assumes zero trip time.  
Darlington experiment simulations 
The signal simulation results for the Darlington experiments reproduce the 
reconstructed measurements with an RMS error of 0.6% of the equilibrium signal.  
Agreement is worse in the first 20 seconds.  The reasons for the observed differences are 
likely similar to the ones behind differences observed for the NRU experiments, namely 
small differences between the decay constants used by the model and the real decay 
constants of isotopes contributing to the measured signal and the assumed zero trip time 
in determining the amplitudes of delayed components.  In that sense, the decay constants 
used in the model are “effective” values and may not correspond to real isotopes.  
Because the LSF MATLAB code assumes the neutron-flux drop to be instantaneous 
while, in reality, the drop occurs over a finite time, it is expected that the model 
artificially increased the weight of some of the delayed components to account for the 
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additional delay in the signal induced by the gradual, rather than instantaneous, decrease 
in the neutron flux.  As a consequence, when the real neutron signal is input into the 
model, the simulated signal will show some small delay compared to the measured one.  
This delay is visible on Fig. 16 for the 4F1 cable and on Fig. 17 for the 6F1 cable. 
One important thing to notice about the Darlington results is how different the 
prompt fraction is from the one reported for NRU experiments (5.3% and 7.1% vs > 
200%) and also that the overall signal polarity appears to be reversed.  The negative 
polarity appears consistent with the assumption that the prompt and delayed components 
have different signs.  In the case of Darlington measurements, the delayed component 
dominates and hence the signal polarity is opposite to a situation where the prompt 
component is dominant.   
Although the reasons for the small prompt fraction and negative signal polarity 
have not been firmly identified, some general features of self-powered neutron detector 
and lead cable operation may help explain the observations.  Those features are 
summarized below. 
The ),,( en  reactions and the ),( e  reactions due to prompt gammas are the 
contributors to the prompt component of the signal.  The ),,( en  reactions have a 
positive contribution whereas the ),( e  reactions have a negative contribution (Allan & 
Lynch, 1980).  Delayed components due to delayed gammas have negative contributions 
to the signal because of the negative contribution of the ( , )e  reaction.  The ),,( en 
reaction occurs when Ni59  absorbs a neutron, simultaneously emitting a gamma ray, 
which subsequently knocks off electrons to create an electric current.  On the other hand, 
the ),( e reaction occurs through interactions with orbital electrons, not with the 59 Ni  
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nuclei.  As a consequence, as Ni59  gets depleted with lead-cable aging, the (prompt) 
positive component due to ),,( en   reactions decreases, while the negative component 
(prompt and delayed) due to ),( e  reactions stays largely constant.  Therefore, as the 
Inconel lead cable ages, the negative contributions overcome the positive contributions 
and become dominant in the overall signal.  At the same time, because of the decrease in 
the prompt contribution, the prompt fraction will also decrease.  Following this 
reasoning, and since some of the lead cables at Darlington are approximately 18 years 
old, it is reasonable to expect those lead cables to have small prompt fractions and also 
negative signals, as observed. 
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Chapter VII: Future Investigations 
As mentioned before, the main shortcomings of the developed model come from 
the fact that it uses fixed, pre-determined, decay constants and from the fact that, in 
determining the prompt and delayed fractions, it assumes that the neutron flux in a 
shutdown experiment drops to zero instantaneously, instead of over a finite time.   
To allow the model to calculate experiment-specific delayed-component decay 
constants, a more involved fitting method, such as non-linear least-squares may prove 
useful.  
To eliminate the need for the prompt neutron-flux drop approximation, a more 
detailed LSF model is necessary, one that approximates the signal after shutdown not as 
a simple sum of exponentials, but as a sum of convolutions between the purely-prompt 
ion-chamber (or fission-chamber) signal and the exponentials characterizing the 
delayed-component behaviour. 
Finally, to better understand the reason for the differences between the NRU 
lead-cable dynamic parameters and Darlington lead-cable dynamic parameters, it is 
desirable to try to relate effective decay constants with actual isotopes being produced in 
the detector, surrounding materials or fuel (delayed gamma components) and assess how 
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Appendix: MATLAB Least-Squares Fitting Routine 
% loading measured data from file of TestingSimulationResult 
ResultFiles = regexp( fileread('TestingSimulationResult.txt'), '\r?\n', 'split'); 
FieldData = struct2cell(load(ResultFiles{1})); 
FileResult=FieldData{1}; 
% loading decay constants from file of TestingDecayConstant.txt 
FileDecayConstant=load('TestingDecayConstant.txt'); 
% time range setup 
nTime=length(6622337:8192000);  
TimeEnd=0;  
t=zeros(nTime,1);% time range, from zero to TimeEnd, increasement of 0.002 
for k=1:nTime 
    t(k)=TimeEnd; 
    TimeEnd=TimeEnd+0.002; 
end 
% ABOVE ALL ARE CONSTANT SETTINGS; ALL VARIABLE SETTINGS 
START BELOW:  
% assign values for lambda: 
L=FileDecayConstant; 
% obtain current values from the loading file, SC ~ Signal Current 
SC=FileResult(6622337:8192000,2); 
% set the matrix size 
s=length(L); 
82 
% set the matrix, MSL ~ Matrix Sum Leftside; MA ~ Matrix Amplitude; MSR ~ 






% set calculation loops for left side 
for i=1:1:s 
  for j=1:1:s 
    for k=1:nTime 
        MEXPL(i,j)=exp(-(L(i)+L(j))*t(k)); 
       MSL(i,j)=MSL(i,j)+MEXPL(i,j); 
        end 
    end    
end 
% set calculation loops for right side 
for i=1:1:s 
   for k=1:nTime 
       MEXPR(i)=exp(-L(i)*t(k)); 
       MSR(i)=MSR(i)+SC(k)*MEXPR(i); 
   end  
end 
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% FINAL RESULTS for AMPLITUDES 
MA=MSL\MSR; 
 
 
 
 
